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1.Rapid, accurate propagation of annotations

2.What should be the goal of our annotation 

efforts?

3.Subsystems Annotations



Rapid Propagation of 
annotations



www.nmpdr.org

Basic Concepts for Annotating 
Closely-Related Strains

• Annotate one or more strains carefully

• Construct a set of “families”

• Make the families consistent

• Develop tools for rapidly propagating the family 
annotations to a new genome

• Identify portions not covered (and defer these for 
further analysis)
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What Must Be in the Families?

• Each family is a set of orthologs from existing, 
well-annotated genomes

• Each family has an associated function that 
applies to all members
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Required Tools
• A tool to produce initial families (both CDSs and 

RNAs)

• A tool to propagate families to a newly-sequenced 
genome

• A tool to determine genes not identified by 
propagation of families, with or without associated 
function assignments (these genes must be clearly 
separated from those produced by propagation)
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What is Achievable?

• We can, for many of our prokaryotic pathogens, 
produce accurate annotations of approximately 
90% of the genes within 1-2 days.

• These annotations then become the starting 
point of detailed manual curation

• This becomes a key component in projects to 
sequence and annotate hundreds of closely-
related strains



What Are the Goals of Carefully 
Done Manual Curation?

1. Correct assignment of function
2. Connect to literature
3. Establish consistent protein families
4. Develop a metabolic reconstruction
5. Specify GO terms
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So, how do we reach these 
goals?

• UniProt curates protein families in which the 
members all have identical domain structures

• These families are decomposed into 
subfamilies (when it can be done) to separate 
distinct functions

• We should support construction of subfamilies 
with proteins that implement identical functions 
and have appropriate GO terms attached
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Why?
• It produces consistent annotations

• It minimizes the cost of attaching accurate GO terms

– We can take the position that UniProt has the 
responsibility, or

– We can actively provide the GO terms, and the impact 
would go beyond our specific organisms

– Michael Ashburner from GO expressed interest in linking 
subsystem roles and GO terms

• It dramatically increases the impact of our manual curation
efforts



Subsystem Annotation:
Why it is important



1 HutH Histidine ammonia-lyase (EC 4.3.1.3)
2 HutU Urocanate hydratase (EC 4.2.1.49)
3 HutI Imidazolonepropionase (EC 3.5.2.7)
4 GluF Glutamate formiminotransferase (EC 2.1.2.5)
5 HutG Formiminoglutamase (EC 3.5.3.8)
6 NfoD N-formylglutamate deformylase (EC 3.5.1.68)
7 ForI Formiminoglutamic iminohydrolase (EC 3.5.3.13)

Subsystem: Histidine Degradation
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?

What is a Subsystem?What is a Subsystem?

Organism Variant HutH HutU HutI GluF HutG NfoD ForI
Bacteroides thetaiotaomicron 1 Q8A4B3 Q8A4A9 Q8A4B1 Q8A4B0
Desulfotela psychrophila 1 gi51246205 gi51246204 gi51246203 gi51246202
Halobacterium sp. 2 Q9HQD5 Q9HQD8 Q9HQD6 Q9HQD7
Deinococcus radiodurans 2 Q9RZ06 Q9RZ02 Q9RZ05 Q9RZ04
Bacillus subtilis 2 P10944 P25503 P42084 P42068
Caulobacter crescentus 3 P58082 Q9A9MI P58079 Q9A9M0 Q9A9L9
Pseudomonas putida 3 Q88CZ7 Q88CZ6 Q88CZ9 Q88D00 Q88CZ3
Xanthomonas campestris 3 Q8PAA7 P58988 Q8PAA6 Q8PAA8 Q8PAA5
Listeria monocytogenes -1

Subsystem Spreadsheet
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Example 2:
Leucine Degradation

• Clarity through integration of

– Metabolic context

– Chromosomal context

– Targeted wet lab confirmations

– Projection of results



Methylcrotonyl-CoA Carboxylase

Leucine Degradation and
HMG-CoA Metabolism
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Sterol Metabolism

I 4-Methyl-2-oxopentanoate
II Isovaleryl-CoA
III 3-Methylcrotonyl-CoA
IV 3-Methylglutaconyl-CoA
V Acetoacetate
VI Acetoacetyl-CoA
VII Acetyl-CoA
VIII Succinyl-CoA
IX Succinate
X (R)-Mevalonate

FROM LEUCINE TO ISOVALERYL-COA
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1 BCAT Branched-chain amino acid aminotransferase (EC 2.6.1.42)
2 LDH Leucine dehydrogenase (EC 1.4.1.9)
3 BCKDHA 2-oxoisovalerate dehydrogenase alpha subunit (EC 1.2.4.4)
4 BCKDHB 2-oxoisovalerate dehydrogenase beta subunit (EC 1.2.4.4)
5 DBT Lipoamide acyltransferase component of branched-chain alpha-keto acid dehydrogenase complex (EC 
6 DDH Dihydrolipoamide dehydrogenase (EC 1.8.1.4)
7 IVD Isovaleryl-CoA dehydrogenase (EC 1.3.99.10)
8 MCCC1 Methylcrotonyl-CoA carboxylase biotin-containing subunit (EC 6.4.1.4)
9 BC Biotin carboxylase of methylcrotonyl-CoA carboxylase (EC 6.3.4.14)

10 BCCP Biotin carboxyl carrier protein  of methylcrotonyl-CoA carboxylase
11 MCCC2 Methylcrotonyl-CoA carboxylase carboxyl transferase subunit (EC 6.4.1.4)
12 MGCH Methylglutaconyl-CoA hydratase (EC 4.2.1.18)
13 HMGCL Hydroxymethylglutaryl-CoA lyase (EC 4.1.3.4)
14 AACS Acetoacetyl-CoA synthetase (EC 6.2.1.16)
15 SCOTA Succinyl-CoA:3-ketoacid-coenzyme A transferase subunit A (EC 2.8.3.5)
16 SCOTB Succinyl-CoA:3-ketoacid-coenzyme A transferase subunit B (EC 2.8.3.5)
17 HMGCS Hydroxymethylglutaryl-CoA synthase (EC 2.3.3.10)
18 HMGCR Hydroxymethylglutaryl-CoA reductase (EC 1.1.1.34)

Subsystem: Leucine Degradation and HMG-CoA Metabolism

7 IVD Isovaleryl-CoA dehydrogenase (EC 1.3.99.10)
8 MCCC1 Methylcrotonyl-CoA carboxylase biotin-containing subunit (EC 6.4.1.4)
9 BC Biotin carboxylase of methylcrotonyl-CoA carboxylase (EC 6.3.4.14)

10 BCCP Biotin carboxyl carrier protein  of methylcrotonyl-CoA carboxylase
11 MCCC2 Methylcrotonyl-CoA carboxylase carboxyl transferase subunit (EC 6.4.1.4)
12 MGCH Methylglutaconyl-CoA hydratase (EC 4.2.1.18)
13 HMGCL Hydroxymethylglutaryl-CoA lyase (EC 4.1.3.4)
14 AACS Acetoacetyl-CoA synthetase (EC 6.2.1.16)
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Bac.subtil. 1 ywaA bcd bkdA1 bkdA2 bkdB yqiV yngJ yngH yngH' yngE yngF yngG yngI yxjD yxjE pksG
Bac.anthr. 4 + + + + + + + + + + + + +
Bruc.melit. 5 + + + + + + +     +    + + +
Vibr.parah. 3 + + + + + + +     +    + + + + + +
Pseu.aerug. 2 + + + + + + + +     +    + + + + +
Pseu.putida 2 + + + + + + + + + + + + + +
Hom.sapiens 6 + + + + + + + + + + + + + +

Acetoacetate HMG-CoA

Genomes

To Acetoacetate via  HMG-CoAFrom Leucine to Isovaleryl-CoA

Leucine Degradation and HMG-CoA Metabolism

1990
Matsubara et al.

2003
Ohgami et al.

2001
Holzinger et al.

1993
Mitchell et al.

2002
Loupatty et al.

2003 
Ly et al.

Vibr.parah.

12Bruc. melit. 76 8 11 109

76 118 910

Pseu.aeru. 76 118 910

yngEyngJ yngH yngGyngI yngFH’Bac.subt.

Bac.anth. 76 8 11 12a109

Pseu.puti. 76 810 912a

2004
Wong & Gerlt

2003
Overbeek et al.
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TIGR 
Annotation

TIGR      
Cellular role

Swiss-Prot / 
UniProt

GO

Isovaleryl-CoA dehydrogenase 
(EC 1.3.99.10)

BR0020 
isovaleryl-CoA 
dehydrogenase

Energy 
metabolism: 
Amino acids and 
amines

Isovaleryl-CoA 
dehydrogenase

GO:0006118; Biological process: electron transport 
GO:0016491; Molecular function: oxidoreductase activity 
GO:0008470; Molecular function: isovaleryl-CoA 
dehydrogenase activity

Methylcrotonyl-CoA carboxylase 
biotin-containing subunit (EC 
6.4.1.4)

BR0018 biotin 
carboxylase

Unknown function: 
Enzymes of 
unknown 
specificity

Biotin 
carboxylase

GO:0005524; Molecular function: ATP binding GO:0016874; 
Molecular function: ligase activity GO:0008152; Biological 
process: metabolism

Methylcrotonyl-CoA carboxylase 
carboxyl transferase subunit 
(EC 6.4.1.4)

BR0019 carboxyl 
transferase 
family protein

Unknown function: 
Enzymes of 
unknown 
specificity

Carboxyl 
transferase 
family protein

GO:0016874; Molecular function: ligase activity GO:0016740; 
Molecular function: transferase activity

Methylglutaconyl-CoA 
hydratase (EC 4.2.1.18)

BR0016 enoyl-
CoA 
hydratase/isomer
ase family 
protein

Fatty acid and 
phospholipid 
metabolism: 
Degradation

Q8G3D2 Enoyl-
CoA 
hydratase/isomer
ase family 
protein

GO:0016853; Molecular function: isomerase activity 
GO:0008152; Biological process: metabolism

Hydroxymethylglutaryl-CoA 
lyase (EC 4.1.3.4)

BR0017 3-
hydroxy-3-
methylglutarate-
CoA lyase, 
authentic 
frameshift

Energy 
metabolism: Other

none

Acetoacetyl-CoA synthetase 
(EC 6.2.1.16)

BR0021 
acetoacetyl-CoA 
synthase

Central 
intermediary 
metabolism: Other

Acetoacetyl-CoA 
synthase

GO:0008152; Biological process: metabolism GO:0008299; 
Biological process: isoprenoid biosynthesis GO:0016874; 
Molecular function: ligase activity GO:0016405; Molecular 
function: CoA-ligase activity GO:0030729; Molecular function: 
acetoacetate-CoA ligase 

Leucine Degradation gene cluster in Brucella suis 1330
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Participating Communities
• Those seeking better annotations as an end in 

themselves

• Those seeking “missing genes”

• The minimal organism community

• The pathogen community

• Those pursuing issues in phylogeny

• Those analyzing environmental samples

• Those building whole genome metabolic models
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How much progress has been 
made?

• 80 – 85% of the genes in core machinery are 
contained in subsystems

• 30 – 35% of genes in NMPDR organism 
genomes and 20 – 30% of other genomes 
contained in subsystems



Virulence-related Subsystems in NMPDR

• Attachement and colonization factors;
- Pili and fimbriae
- Nonfimbrillar adhesins

• Multiplication and Nutrition in host:

- Iron scavenging mechanisms
• Invasion and intracellular survival
• Evading host defense mechanisms

- Capsules, extracellular polymers
- Antigenic variation

• Antibiotic resistance
• Toxins
• Pathogen. islands, prophages, gene clusters
• Other virulence factors:

- Regulation of virulence
- Secretion systems
- Motility and hemotaxis
- Classification of virulent strains

• Entire Virulome

Staphylo
-ccocus

ListeriaStrepto-
ccocus

Campylo
-bacter

Vibrio

Collaborations with 
research community have 
started
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Summary
1. We can build a framework for very rapid, reasonably 

accurate annotation of genomes that are closely-
related strains of those we carefully annotate.  We 
should do so.

2. Our overall strategy of annotation and propagation of 
annotations should make use of the UniProt effort to 
construct families of genes with a common domain 
structure.  We should seek subfamilies with a common 
cellular function and well-developed GO terms 
attached

3. Subsystems annotation will be the key technology 
used to remove many of the remaining ambiguities and 
errors



What Follows are just some 
examples of the use of 

subsystems



Rubisco in Bacillus anthracis?

I. Homology- based annotation (via protein families)
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II. Genome context- and functional context- based annotation (via subsystems)

Exiguo-
bacterium
Geobacillus

B 
 a

  c
  i

  l
  l

  u
  s

  

Paenibacillus

Rubisco homolog clusters with 
Methionine salvage - related genes:

Agrees with  experimental data:

Subsystem: Calvin-Benson cycle



Discrepancies
in annotation
of rnf -related-
electron 
transport 
complexes

Subsystem:

Populated SS: two 
types of complexes are 
distinguished by gene 
clustering

Pinned regions:
Conserved clusters

Other
Annotated as 
hypothetical 
protein

NMPDR
Systematic 
annotation of  
complex subunits

Na(+) translocating oxidoreductase and rnf electron transport complexes



Nan-operon, a key pathway within the Sialic Acid Metabolism subsystem

Microbial sialic acid 
metabolism has now 
been firmly established 
as a virulence 
determinant in a range of 
infectious diseases



No in 
cluster

Abbr. Functional role in 
subsystem

1 NanK
  N-acetylmannosamine 
kinase (EC 2.7.1.60)

ABH-
0028250

putative NAGC-like 
transcriptional 
regulator

ABS-
0084973 possible kinase ADD-

0003671

putative NAGC-like 
transcriptional 
regulator

ACZ-
0002834

putative sugar 
kinase

2 NanE
N-acetylmannosamine-6-
phosphate 2-epimerase 
(EC 5.1.3.9)

ABH-
0028251 putative enzyme ABS-

0083505
conserved 
hypothetical protein

ADD-
0003672 putative enzyme ACZ-

0002836
conserved 
hypothetical protein

3 NanA
N-acetylneuraminate 
lyase (EC 4.1.3.3)

ABH-
0028253

N-acetyl-
neuraminate lyase

ABS-
0084976

N-acetyl-
neuraminate lyase

ADD-
0003674

N-acetyl-
neuraminate lyase

ACZ-
0002837

probable N-
acetylneuraminate 
lyase

4 YhcH

Putative sugar 
isomerase involved in 
processing of exogenous 
sialic acid*

ABH-
0028249

orf, hypothetical 
protein

ABS-
0084972

conserved 
hypothetical protein

ADD-
0003670

conserved 
hypothetical protein

ACZ-
0002833

conserved 
hypothetical protein

5 NanT
Sialic acid transporter 
(permease) NanT

ABH-
0028252

sialic acid 
transporter

ABS-
0084975

putative sialic acid 
transporter

ADD-
0003673

sialic acid 
transporter

ACZ-
0002831

MFS family sialic 
acid transporter

10 NanR
Transcriptional regulator 
NanR**

ABH-
0028254

putative FADA-type 
transcriptional 
regulator

ABS-
0084977

putative GntR-family 
transcriptional 
regulator

ADD-
0003675

putative FADA-type 
transcriptional 
regulator

NOT PRESENT (likely repalced 
by a clustered member of 

RpiR family)

* proposed by: 9. Teplyakov, A., Obmolova, G., Toedt, J., Galperin, M. Y., Gilliland, G. L. (2005). Crystal Structure of the Bacterial YhcH Protein Indicates a Role in Sialic Acid Catabolism. J. Bacteriol. 
187: 5520-5527
** K. A. Kalivoda, S. M. Steenbergen, E. R. Vimr, and J. Plumbridge
Regulation of Sialic Acid Catabolism by the DNA Binding Protein NanR in Escherichia coli. J. Bacteriol., August 15, 2003; 185(16): 4806 - 4815

Escherichia coli O157:H7 
EDL933

Salmonella enterica subsp. 
enterica serovar Typhi Ty2

Shigella sonnei 53G Yersinia 
pseudotuberculosis IP 

Comparison of annotations within the conserved cluster (nan-operon)

Color coding for annotations:
- green, consistent
- yellow; general class;
- gray, inconsistent or not 

informative



Annotations of alternative pantothenate kinase genes in CoA_Biosynthesis

• The overall topology of this pathway  is  conserved in most species including archaea and eukaryotes;
• Major variations: alternative (nonhomologous) forms of Pantothenate Kinase (*PANK)

model 
organisms

Pathema
organisms

Section of the 
subsystem 
capturing the 
“universal”
pathway from 
pantothenate to 
CoA

PANK of CoA
family, a canonical 
form characteristic 
for E.coli and many 
other bacteria



model 
organisms

Pathema
organisms

Annotations of alternative pantothenate kinase genes in CoA_Biosynthesis

An additional non-
homologous PANK2 gene 
(CoaX) was identified in 
B. subtilis and other 
bacteria. 



model 
organisms

Pathema
organisms

Annotations of alternative pantothenate kinase genes in CoA_Biosynthesis

A distant homolog of a 
structurally unrelated 
eukaryotic PANK3 gene 
was inferred (by us) and 
later verified in S.aureus



model 
organisms

Pathema
organisms

Annotations of alternative pantothenate kinase genes in CoA_Biosynthesis

PANK2 and PANK3 are 
present in all strains of 
B.anthracis and B.cereus

Based solely on 
Pathema annotations, 
the first step in this 
pathway would be 
missing.
(PANK2 is correctly 
annotated in Ames)

GBAA2901, 
GBAA0065

GBAA4007, 
GBAA2929

GBAA4007 GBAA4139 GBAA4828

conserved hypothetical 
protein

phosphopantothenoylcy
steine 
decarboxylase/phospho
pantothenate--cysteine 
(ligase)

transcriptional 
activator, putative, Baf 
family

flavoprotein, putative

phosphopantothenoylcy
steine 
decarboxylase/phospho
pantothenate--cysteine 
(ligase)

phosphopantetheine 
adenylyltransferase

dephospho-CoA kinase



model 
organisms

Pathema
organisms

Annotations of alternative pantotenate kinase genes in CoA_Biosynthesis

All of Burkholderia and 
Clostridium ssp rely solely 
on PANK3

Similar situation in 
Clostridium botulinum and 
Burkholderia pseudomallei
K96243

NT02CB3552 NT02CB2499 NT02CB2480 NT02CB2480 NT02CB2999
? ntbp0881 ntbp0881 ntbp0521 ntbp3008

transcriptional 
activator, putative, Baf 
family

phosphopantothenoylcy
steine 
decarboxylase/phospho
pantothenate--cysteine 
(ligase)

phosphopantothenoylcy
steine 
decarboxylase/phospho
pantothenate--cysteine 
(ligase)

phosphopantetheine 
adenylyltransferase

dephospho-CoA kinase



predicted or measured co-regulation

genome context
(virulence islands, prophages, 

conserved gene clusters)
virulence mechanism

cellular localization
enzymatic activity  

common phenotype

combinations of criteria  

Virulence related Subsystems in NMPDR
Proteins can be grouped based on various criteria:


	Rapid Propagation of annotations
	Basic Concepts for Annotating Closely-Related Strains
	What Must Be in the Families?
	Required Tools
	What is Achievable?
	What Are the Goals of Carefully Done Manual Curation?�
	So, how do we reach these goals?
	Why?
	Subsystem Annotation:�Why it is important
	Example 2:�Leucine Degradation
	Participating Communities
	How much progress has been made?
	Summary
	What Follows are just some examples of the use of subsystems
	Nan-operon, a key pathway within the Sialic Acid Metabolism subsystem
	Comparison of annotations within the conserved cluster (nan-operon)

